Deep-tow vector magnetic data have been acquired across the fast-spreading southern East Pacific Rise 18
Introduction
Geomagnetic polarity reversals generate parallel magnetic lineations in the oceanic crust, which has been utilized for answering various questions about the science of the Earth. Sea-surface magnetic surveys now cover most of the world's ocean basin and are used, together with the geomagnetic polarity timescale, as a means to characterize the age and spreading geometry of the oceanic crust. Such studies have proven essential for our current understanding of plate motion and tectonic evolution of the mid-ocean ridge system. Despite this progress, we still have a limited resolution within polarity chrons, which may extend over a long period of time. To study details within a single polarity chron, we need to obtain high-resolution magnetic anomaly data and to establish global coherency. Geomagnetic paleointensity variations compiled from marine sediments have become a candidate for constructing a magnetic timescale within a polarity. Paleointensity variations published in the 1990s (Meynadier et al., 1992; Valet and Meynadier, 1993; Valet, 1996, 1999; Valet et al., 1999; Yamazaki, 1999) show great advances in better age control and in accuracy as the number of records increases. This also leads to a better continuity in time coverage, good enough to compare with the high-resolution magnetic anomaly data across or near the ocean ridge axis.
On the other hand, the resolution of some marine geomagnetic anomaly data is also improving as a result of advanced instruments for near-bottom surveys (e.g. Hussenoeder et al., 1996; Fujiwara and Fujimoto, 1998) and developed analysis methods to obtain and preserve the short wavelength feature that is an inherent difficulty in remote Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
surveys (Hussenoeder et al., 1995; Yamamoto and Seama, 2004) . The short wavelength signals in a geomagnetic anomaly are often referred to as "tiny wiggles", and they have been recognized in many regions, even in sea surface data. However, the origin of these "tiny wiggles" is still controversial. They have been variously attributed to seafloor topography, various rock characteristics, presence of hydrothermal activity, variation of the magnetic layer thickness, and fluctuation of the geomagnetic field (Rea and Blakely, 1975; Tivey and Johnson, 1987, 1993; Cande and Kent, 1992; Wooldridge et al., 1992) . Paleointensity variations seem to provide the most convincing explanation based on previous studies that report a good correlation between the observed high resolution magnetic anomalies and the variation of paleomagnetic intensity, as depicted from the independent sediment core record (Gee et al., 2000; Pouliquen et al., 2001; Bowers et al., 2001; Bowles et al., 2003) .
This study is based on deep-tow vector magnetic data collected by a Deep-tow Three-Component Magnetometer (DTCM) instrument over the East Pacific Rise around 18
• S. We adopt a 2.5-dimensional structure model to invert the magnetic anomaly to magnetization. Then we demonstrate good correlation between the magnetization and the sediment-derived paleointensity timescale, which indicates that paleointensity variations have a major effect on the tiny wiggles of a magnetic anomaly. Such data and analysis provide a basis for developing a high-resolution magnetic timescale within intervals of constant polarity.
(Nomenclature and ages of geomagnetic excursions in this paper are based on Valet and Meynadier (1993) .)
Data
A DTCM developed to measure the magnetic vector field near the seafloor was first used for a geomagnetic inves--3600 -3500 -3400 -3300 -3200 -3100 -3000 -2900 -2800 -2700 -2600 -2500 -2400 tigation on the East Pacific Rise (EPR) around 18
• S on board R/V ATLANTIS in September 1998. The DTCM is composed of triaxial fluxgate magnetometers and an attitude calibration unit mounted with three ring laser gyros and three single axis accelerometers. The position of the DTCM is known through the navigation data from a GPS on board and the local geometry information from the short base line acoustic measurement and pressure data. This survey area is characterized by an ultrafast spreading rate and high magmatic activity inferred by previous studies (Detrick et al., 1993; Scheirer and Macdonald, 1993; Mutter et al., 1995; Urabe et al., 1995; Auzende et al., 1996; Scheirer et al., 1998) . Our data were collected along two survey lines across the EPR at an altitude of about 200 m above the sea floor. The first line crosses the axis at 17
• 25 S (lines 1, 2 and 3 in Fig. 1 ) and the other at 18
• 25 S (line 4 in Fig. 1 ). The large-scale ridge morphology in this region is remarkably linear in character, but small left-stepping discontinuities occasionally offset the ridge axis by a few km. The survey lines cross the center of two distinct ridge segments separated by an intervening segment. Each segment has a unique morphological character. The northern area at 17
• 25 S has a domed and swollen shape with no axial graben, whereas the ridge at 18
• 25 S has a steep and narrow profile with a relatively wide and deep graben. Both segments culminate at the same depth of about 2600 m. Some different characteristics of the faults along the two survey lines are also found in published side-scan sonar data (Cormier and Macdonald, 1994; Carbotte et al., 1997) . The western flank of the northern area (17
• 25 S) has a fault density about three times less than the western flank of the southern area (18
• 25 S) and both the northern and southern survey areas show fewer faults on the eastern flank than on the western flank of the ridge axis.
We use the Genetic Algorithm (GA) inversion method with a 2.5-dimensional magnetic structure model to obtain magnetic intensity distribution, each magnetic boundary strike and position (Yamamoto and Seama, 2004) . In the 2.5-dimensional model, magnetic boundaries represented by vertical planes have various strikes to better express the magnetic structure. The GA's parallelism prevents the solution from falling in a local optimum and effectively leads to the best solution. Besides, calculation on the space domain saves the short wavelength in the observed data in order to take full advantage of near-bottom survey. The given parameters are an azimuth of survey lines, magnetization vector direction, topography along the profile, and magnetic layer thickness. We assume that the magnetization direction is parallel to the geocentric axial dipole field and that the magnetic source is seismic layer 2A: the topography data, which are resampled along the each survey line at 100 m intervals from original [TAMU]2 sidescan sonar data, are used to define the top surface and are added with the thickness of layer 2A to determine the bottom surface. This assumption is reasonable because extrusive basalt is the main source of marine magnetic anomalies at fast-spreading centers (Dyment and Arkani-hamed, 1995) and because deep-tow magnetic data are closer to and therefore have a stronger sensitivity to the uppermost layer of the oceanic crust, i.e. the volcanic basalt rocks on the surface of the oceanic crust. We use seismic data at the 17
• -17
• 40 S ridge area (Carbotte et al., 1997) to derive the thickness of layer 2A for the north survey, line 3, while the south survey at 18
• 25 S, line 4, has had no seismic survey conducted nearby. Therefore, we used a synthetic thickness of the magnetic layer for line 4. The thicknesses at the same distance from the ridge axis are collected and averaged from the nine profiles of seismic 2A layer around 17
• 30 S. The width of the thinning part at the ridge axis in the averaged layer is rescaled to the narrower width estimated from the width of the ridge dome at 18
• 25 S. The thinnest point is set at the ridge axis and the whole thickness is shifted to make the layer at the axis 350 m thick, where the depth of AMC (Axial Magma Chamber) is observed below the ridge at 18
• 30 S by seismic data (Detrick et al., 1993) . The final shape of the synthetic 2A shows the change in thickness from 350 m at the axis to 580 m to side within lateral 4 km. The reason to have the magnetic layer at 18
• 25 S imitating the one at 17
• 25 S rather than having a constant thickness is that previous studies reveal a similarity in velocity or thermal structure below the two ridges, which may imply similarity in the shape of magnetic source layer. For example, the AMC reflectors are detected at closer level (Detrick et al., 1993) , the thickness of layer 2A is increasing with age in both area (Hooft et al., 1996 (Hooft et al., , 1997 , and both show strong hydrothermal discharges reflecting similar magmatic activity (Urabe et al., 1995; Auzende et al., 1996) . On the other hand, the two off-ridge survey lines (lines 1 and 2) were assumed to have a constant thickness (500 m) magnetic layer.
Paleomagnetic Intensity and Fine-scale Tectonics
Results of each survey line are shown in Figs. 2 and 3. Given our data and assumptions, the resolution of computed parameters is 0.6 A/m for magnetization intensity, 50 m for positions of the magnetic boundaries, and 2.5 degrees for their strikes. Forward modeled magnetic anomaly profiles computed using the final values of the searched parameters are in good agreement with the original observations.
The positions and directions of magnetic boundaries are superimposed on the topography in Fig. 3 . The result indicates that the off-ridge magnetic boundaries are mostly parallel to the tectonic lineations. Two boundaries at the western edge of line 1 are located on and aligned with the outline of the V-shaped smooth seafloor created by the southward propagation ridge . The rest of the off-ridge boundaries are parallel to the spreading ridge. On the other hand, the ridge-swelling areas of lines 3 and 4 exhibit various directions of boundaries and they seem to be related neither to the topographic lineations nor to the fault strikes. These boundaries probably reflect the outline of the lava flow in these areas. The rambling lava flow inferred from our result agrees with the observation that the lobate outlines of lava flow cross the topographic linear feature (Sinton et al., 2002) and also agrees with Shah et al. (2003) in which they showed the multidirectional magnetic field in this study area.
Magnetic intensity distribution along line 3 (Fig. 2) exhibits symmetric character in a long wavelength pattern. It presents a bell-like shape about 20 km off-axis to reach stable low value in side. This symmetric form shows the general tendency that the older crust has a lower magnetization, which is known as the result of the low-temperature alteration of extrusive basalts with time (Johnson and Tivey, 1995) . However, the narrow youngest zone in a few km from the axis does not conform to this tendency, where the (Valet and Meynadier, 1993 ; Sint-800, . Open circles superimposed to the magnetization intensity also represent paleointensity variations adjusted under the assumption of a variable spreading rate. Vertical bars connect the same ages of the original (constant rate, thick) and ajusted (variable rate, circle) paleointensity curves. A clear correlation is observed between the observed magnetization intensity and the geomagnetic paleointensity time scale.
magnetization is lower than the outer-located older crust. Such "Axial Magnetization Low (AML)" has been reported in previous studies (Perram et al., 1990; Tivey, 1994; Shah et al., 2003) . Shah et al. (2003) explored possibilities for the source of the AML in this area and concluded that the shallow dikes, still keeping higher temperature than Curie point, may form a low-magnetization region. Although the AML in our result is wider than the one in Shah et al. (2003) , it could originate in a similar thermal effect and our result should be affected by a deeper and wider source because of the difference in the survey level that is 20 m for Shah et al. (2003) and 200 m for this study. One probability is that the axis in this area is so hot that the lower part of seismic 2A layer is still not cool enough to bear a magnetization. Therefore, the discrepancy from our model with the whole magnetized 2A layer would create an apparent AML, and higher magnetization could be expected for a real magnetized layer of such a young age. Pulse-like peaks in line 3 shows a symmetric character centered at 1 km off the ridge topographic axis (Figs. 2  and 4) . The peak-to-peak interval and the area under each peak west of the axis are smaller than on the east side. Furthermore, some peaks found on the eastern side of the ridge axis are not present on the western side or merged into a composite peak. The cause of the short-wavelength pattern in the magnetization at the mid-ocean ridge still remains to be proved. Various degrees of hydrothermal alteration, seafloor topography, shape of magnetic layer, variation of rock chemistry, and paleointensity variation have been proposed as a solution. In this study, comparing the locations of the faults and magnetization lows shows no one-to-one relation, implying the hydrothermal alteration by seawater penetrating faults that Tivey and Johnson (1987) proposed is not the source for this short-wavelength pattern in this study area. The influence to the magnetization from unrealistically modeled topography is not taken into account because we used observed data. The possibility that the variation in thickness of the magnetic layer mainly causes the short-wavelength signal might be low. As we suggest above, the whole magnetized 2A layer could be a wrong assumption only for the narrow axis region. However, the rest of the ridge area remains reliable in the assumption of observed 2A as the magnetic source layer, suggesting the calculated magnetization mostly reflects the actual magnetization itself. Rock-chemical variation could be also denied because chemical uniformity was reported in this area (Bergmanis et al., 1999) .
We use the deep-sea sediment-derived record of paleointensity variation to verify whether the observed deep-sea marine magnetic anomalies present a robust record of geomagnetic paleointensity. We adopt the paleointensity composite record Sint-800 of and the original sedimentary record of Valet and Meynadier (1993) for comparison. By stacking available records, Sint-800 is an up-to-date composite paleointensity record which is becoming a standard geomagnetic paleointensity timescale; conversely Valet and Meynadier's (1993) data provide a long and continuous paleointensity record from sediment cores for ages older than 0.8 Ma, to be compared to our off-axis data. However, our data and the sediment-derived records have differences that make a direct comparison difficult. In order to compare, the long wavelength component originated from the low-temperature alteration of extrusive basalts should be removed from the magnetization intensity because that is absent from the geomagnetic paleointensity timescale. We removed such long wavelengths by filtering with a 20 km-width cosine filter. Additionally, our method is based on a block model that forces the magnetization intensity to be expressed as a rectangular function, while paleointensity profiles are recorded as continuous curves, thus we smoothed the rectangulars with a 0.7 km-width filter to make the graphs comparable. Figure 4 shows the comparison of our original and modified magnetization intensity data with paleointensity variations. There are good correlations of the peak pattern of both profiles. Comparison with Valet and Meynadier (1993) shows good agreement, especially for the period between present and about 7 ka before the Jamaica excursion. A variable, a little faster spreading rate is observed for times older than the Blake excursion, presents more obvious correlation (Fig. 4) . Comparison with Sint-800 also shows good agreement. The superimposition with a profile computed with a variable rate (circles in Fig. 4 ) even yields a better match.
A comparison between lines 3 and 4 also shows good agreement with several correlating peaks despite the different ridge morphologies (Fig. 4) . This suggests that both magnetization records are sampling the same geomagnetic field signal and are therefore of paleomagnetic origin. The most different part between lines 3 and 4 is the low magnetization in line 4 between the second peak (marked by a circle) and the western end of the profile. The low magnetization in the long-wavelength component in the west of line 4 could be explained by the high degree of fracture and faults prevailing there. Twelve faults, both inward and outward facing, are concentrated between the points of 3 and 9 km in the horizontal scale of Fig. 2(4) (Cormier and Macdonald, 1994) , implying an extensive fracturation. In the corresponding part of line 3, only half of that number of faults is observed, separated by larger intervals (Carbotte et al., 1997) . The congested fracture area may play an important role in the decay of magnetization, not in the spot of the fault location but in the prevailing background, because the each location of the fault seems to be unrelated to each magnetic boundary or magnetization low.
As for older age in the far western area (Fig. 5) , the magnetization intensity profile and geomagnetic paleointensity curve present a good correlation up to the Cobb Mountain excursion (1.19 Ma), even assuming a constant spreading rate of 56 km/Ma. Remarkable matches are found in a few km wavelength features between our magnetization intensity and those of both Valet and Meynadier (1993) and Sint-800 paleointensity curves. For instance, the gradual decline from the Biwa III excursion to the Big Lost excursion, and the sudden surges at the Delta excursion and at the Brunhes/Matuyama boundary, and a buldge corresponding to the Jaramillo subchron (Fig. 5) . Some adjustment of the spreading rate age by age would lead to a better agreement and may conversely let us know more precisely the spreading rate in the study area. In should be noted that the correlation of short wavelengths is not as good in this off-axis area. The reasons might be the assumption of a constant source thickness (0.5 km) or other effects like the tectonic and/or hydrothermal activity that may disturb the paleointensity records as the crust gets older and goes away from the ridge. More information about off-axis crustal structures from seismic and geochemical observation is needed to ascertain this point.
The crustal age inferred from the correlation of peaks on the eastern and western sides of the ridge axis suggests recent spreading rates of 88 km/Ma to the east and 56 km/Ma to the west (average for 0.28 Ma). This asymmetry of the spreading rate is large compared to the spreading rate of 76 km/Ma to the east and 69 km/Ma to the west that averaged over 5 Ma and the large area 15
• -19
• S (Lonsdale, 1989; Cormier et al., 1996) . However, some sea-surface magnetic anomaly profiles near 17.5
• S show the asymmetric spreading of 60 percent faster to the east in the Brunhes period (figure 15 in Lonsdale, 1989) . This is the same balance in the eastward and westward spreading rates as our result shows, suggesting that the degree of the asymmetry becomes larger sometime before the Brunhes period and the maximum asymmetric ratio is afterward kept up to the present. Cormier et al. (1996) suggests that spreading asymmetry in this area can be entirely explained by the southward migration of overlapping spreading centers (OSCs) that is an effective way to transfer the lithosphere from the Pacific to the Nazca Plates. In other words, an absence of OSCs would produce a symmetric spreading. However, the study area at 17
• 25 S is considered to drive the OSCs outward with its strong magmatic regime and no OSC existed since 1 Ma. Therefore, this large asymmetry within 0.28 Ma cannot be explained by the OSC migration. An alternative explanation, for example, the continuous small ridge jumps to west, is needed.
In conclusions, our results assure that the magmatic oceanic crust indeed records paleomagnetic intensity variations, which are reflected by marine magnetic anomalies if observed at a sufficiently high resolution, i.e. close to the seafloor. Near-bottom vector magnetic surveys and the analysis method specially developed for such high-resolution data, together with a proper geomagnetic timescale, can play an essential role in understanding the detailed process of the mid-ocean ridge system.
